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Abstract
Laboratory experiments were conducted to investigate the instability of pavement due to force exerted by the tsunami flood and
to find methods to increase its stability. The modifications introduced to the pavement plate to increase stability were making
holes, inserting fixed strip, modification of bed and bed slope. The first two modifications increased the stability, while the third
modification decreased the stability and the fourth modification has no effect on the stability. The instability of the plate was
checked at two different beach slope 1/29 and 1/7. It was found that, there is no significant effect on the lift force because of
changed slope. It was confirmed in experiments that the plate starts to lift when the pressure gradient force between top and
bottom of the plate exceeds its self-weight. The threshold head difference and velocity required to make plate unstable was found
6 cm and 0.40 m/s respectively. After making holes, the stability of the plate increased by 42% in head and 28% in velocity, up
to 7 number of holes (0.20% reduction in area by hole). Upward lift force was decreased after making several holes on the plate.
The stability of the plate increased by 33% in head and 20% in velocity after putting fixed strip in front of the experiment plate.
The stability of the plate decreased however by 8% in head after putting coarse sand between plate and flume bed.
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1. Introduction
A huge tsunami struck the northeastern part of Japan on March 11, 2011. The tsunami caused a catastrophic
damage to a wide area of Japan. Many structures were damaged by the tsunami including pavements. Many studies
have been conducted to find out the force exerted by the tsunami to the structure before and after this disaster.
However most of them are focusing on the superstructures such as buildings, bridges and vertical wall. Hu et al.
(2001) developed an analytical model based on the linear potential wave theory to investigate waves propagating
past a breakwater system of a submerged horizontal plate and a vertical porous wall. Kosa et al. (2009) studied to
estimate the tsunami forces acting on the bridge girders. Araki and Deguchi (2011) found the wave force acting on
the bridge with cross-section of concave shape. O’Brien et al. (2012) studied the force exerted by tsunami on a wave
energy converter. Araki and Deguchi (2012) found the prediction method of wave force acting on horizontal plate as
a bridge above still water level.
In these studies the damage occurred in the horizontal pavement is not considered. Therefore, the stability and the
countermeasures of pavement against tsunamis have to be investigated. This study attempts to explain the criteria for
the instability of pavement due to force exerted by the tsunami flood and tries to develop methods to increase the
stability of the pavement by various modifications introduced to the plate. In this study, the tolerance of plate without
any modification and after modification is compared based on the head difference and velocity required to make the
plate unstable. To find the vertical lift force the bottom pressure was measured and compared based on the peak
value. Calculation was done based on the principle of conservation of the energy along the stream line of the water.
Pressure difference was found by equating the total energy of the streamline with energy at stagnation point.
2. Hydraulic Experiment
The experiment was conducted in a 30 m long, 0.6 m wide and 0.8 m deep wave flume shown in Figure 1. Two
high speed cameras are used to analyze the motion of the plate and to calculate the water particle velocity during lift.
Flood wave was created in the flume by sudden opening of the gate, retaining water at higher level.
The model pavement of plastic with size 3002255 mm and weight 400 gm was used. The model pavement
was selected by several hit and trial based on the following requirements:
Fig. 1. Definition sketch of experimental setup.
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• Plate should not float in the still water. It should be stable with its own weight at lower velocities and unstable
at higher velocity. Theoretical threshold velocity is calculated at 0.34 m/s.
• The width should be enough to cover the whole wave generated in the flume width and also there should be
some gap in the both sides of the plate to minimize wall effect.
• Length should be enough to observe the motion of plates during lift at higher velocity. Figure 2 shows the
motion of the pavement plate during experiment.
Head combinations to create tsunami flood was selected so that stability and instability of the pavements could
be observed. The lower head (h2) of the water was fixed at 32 cm and h1 was varied to generate several flooding
conditions. The beach slope of the flume bed was 1:29, where wave breaks before hitting the plate. The model
pavement of plastic, high-speed camera, pressure sensors were used for experiment. The pressure difference between
bottom and top of the plate was measured by two different methods. In the first method, pressure difference was
calculated numerically from measured velocity. The velocity was obtained from PIV analysis of images extracted
from video. In the second method pressure was directly measured at bottom and top of the plate using a pressure
sensor. The pressure at the top and the bottom of the plate was measured. Then distribution of the bottom pressure
within the plate was estimated.
The modifications introduced to the plate to increase stability were making holes to connect the high and low
pressure fields, inserting a fixed strip to shift the point of force application, bed materials to change the speed of
pressure propagation and bed slopes to change the angle of attack of incident wave. Principle of stagnation pressure
and principle of conservation of energy along the streamline of the water was considered to calculate vertical lift
force from measured velocity exerted by the flooding water as illustrated in Figure 3:
Fig. 3. Illustration for conservation of energy and stagnation point.
Fig. 2. Motion of the plates at different stages during experiment (time lapse from (b) to (l) is 0.6 sec).
(a) (b) (c) (d)
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where, Flift is lift force, P1 is bottom pressure, P2 is top pressure, A is the cross section area of the plate,
is the density of water, is the specific weight of water, v is the horizontal water particle velocity, g is the
acceleration due to gravity.
3. Results
From the results of experiment, it was found that when pressure gradient force between bottom and top of the
plate exceeds its self-weight then plate starts to lift. Hit and trial method was conducted to find out the threshold
head difference and threshold velocity required to lift the plate. From the experimental results shown in Figure 4, it
was found that the threshold head difference and velocity required for the plate to lift is 6 cm and 0.40 m/s
respectively. The dotted line represents the self-weight of plate. The points below the dotted line shown in circles
are no lift condition and all the points above the line shown in triangle are lift conditions.
The effect of attacking angle of the water to the plate was also compared at two different slope of the wave flume.
The total stability of the plate increased by 33% in head and 42% in velocity after increasing beach slope of flume
from 1/29 to 1/7. However, if we consider only perfect lift force, there is no change in threshold head difference and
velocity at lift. It was observed that, the sliding force in the plate was decreased after increasing slope and vice versa.
The first method applied to increase the stability of the plate was joining the bottom and top pressure fields. Holes
of 5 mm diameter was made in the plate to join two pressure fields as shown in Figure 5. After this modification,
stability of the plate increased by 42% in head and 28% in velocity, up to 7 number of holes with only 0.20%
reduction in area by hole. The results are shown in Figure 6.
The distribution of the bottom pressure was also measured using pressure sensors. Pressure distributions are
compared based on the peak pressure as shown in Figure 7. At seaward edge of the plate, pressure was maximum in
both cases. The trend line shows that pressure decays faster in the plates with holes. The pressures at the front edge
and at the rear edge of the plate appear to be similar in both cases. In the middle part, however, the pressure is lower
in the plate with holes. It demonstrates that the upward lift force in the plate with holes is smaller than the plate with
no hole.
Fig. 4. Result of velocity measurement and lift force Calculation.
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Fig. 6. Effect of holes on the plate.
Fig. 7. Bottom pressure distribution for (a) plates with no holes and (b) plates with holes.
(a) (b)
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The second method proposed to increase the stability of the plate was shifting stagnation point away from the
plate. One fixed strip of 2.6 cm length and same width of the experimental plate was inserted in front of the
experimental plate. The stability of the plate increased by 33% in head and 20% in velocity after putting fixed strip
in front of the experiment plate (Figure 8).
The effect of space between the plate and bed was also observed by putting initially wet coarse sand in between
the flume bed and experimental plate. The stability of the plate decreased by 8% in head after putting coarse sand
between plate and flume bed (Figure 9). In the figure velocity at 18 cm head difference is quite different. It is because
of the time lapse for pressure distribution. When there was sand bed the pressure distributed faster hence plates lifted
earlier at higher velocity.
Fig. 8. (a) Illustration of use of fixed strip; (b) effect of fixed strip on the plate
(a)
(b)
Fig. 9. Effect of sand bed on the plate.
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4. Discussions
When the plate is under the still water it will overcome buoyancy with its self-weight. When there is flowing
water, the stream line of water diverts just in front of the plate. The point, where the streamline diverts is called the
stagnation point and pressure at that point is called the stagnation pressure. At the stagnation point the water particle
velocity is zero, hence all the energy of water streamline is pressure energy. While after stagnation point above the
plate, there is some velocity of water. The same amount of pressure energy at stagnation point divides into the
pressure energy and the kinetic energy. The pressure gradient develops at two points which lifts the plate upwards.
The direction of application of this lift force is from stagnation point to the point with highest velocity. Hence the
velocity is the main parameter which creates the vertical pressure gradient for the plate to lift.
Slope mainly related with the direction of force application or attacking angle of water. When beach slope
increases the angle of attack with horizontal also increases hence increase stability. With changed slope although
there is no change in the vertical force but horizontal drag force increases at milder slope, so it was observed that
plates slides horizontally at slope 1:29 but sliding was not distinguished in slope 1:7.
Because of holes, the water flows from high pressure area to lower pressure area, decreasing the pressure at
bottom and increasing the pressure at top of the plate. Hence pressure gradient decreases and the stability of the plate
tends to increase. However more holes will increases the surface drag of the plate hence stability decreases at higher
number of holes. Also holes act as a micro stagnation points which helps to decrease the velocity of water hence
increasing the top pressure.
After inserting the fixed strip the stagnation point and the point of force application is shifted away from the
experimental plate increasing its stability.
The sand in between plate and flume bed increases the space between the plate and bed, allows faster distribution
of the pressure below the plates, decreasing stability of the plate.
5. Conclusion
In the laboratory condition, it was found that, the plate starts to lift at 6 cm head differences and velocity 0.40
m/s. Calculated lift force was higher than the self-weight of the plate. The conditions of no lift was observed at head
differences less than 6 cm and velocity less than 0.40 m/s. The lower head (h2) of water was fixed at 32 cm in this
experiment. With changed bed slope, the tolerance of the plate for lift was not changed. But at slope 1:29 lift and
sliding was observed. But in the slope 1:7 only lift force was observed.
The stability of the plate increased up to 7 number of holes. At 7 number of holes the threshold value of head
difference was 8.5 cm and velocity was 0.50 m/s. With further increase of holes the stability decreases due to increase
in surface drag because of holes, but it was still more than the no-hole condition. The bottom pressure distribution
shows that the front edge of the plate has maximum pressure because this edge is close to the stagnation pressure
zone. The pressure decays faster and lift force in the middle part of the plate is lower in the plate with holes.
The tolerance of the plates changed from 6 cm to 8 cm in head and from 0.40 m/s to 0.48 m/s in velocity
respectively after inserting fixed strip in front of the experimental plate.
After inserting coarse sand, the tolerance in the head was decreased from 6 cm to 5.5 cm and velocity tolerance
increased from 0.40 to 0.42 m/s. The coarse sand allows more space below plate, which allows faster pressure
distribution causing faster lifting at higher velocity.
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